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INTRODUCTION 


The  low  tolerance  of  the  human  spine  to  compressive  loading  is  recognized 
as  a  major  factor  in  severe  injuries  suffered  during  helicopter  crashes.  Con¬ 
sequently,  the  seats  of  most  new  U.S.  military  helicopters  are  required  to  use 
vertical  energy  absorbers  (load-limiters)  to  limit  spinal  load  to  a  tolerable 
level . 


Because  spinal  load  cannot  be  measured  conveniently,  and  seat  bucket  ac¬ 
celeration  can,  the  criteria  for  energy-absorbing  seats  have  evolved  using  seat 
bucket  acceleration  as  the  primary  indicator.  To  maintain  some  predetermined 
optimum  seat  bucket  acceleration,  a  seat's  load  limiters  should  be  adjustable 
in  order  to  compensate  for  differences  in  occupant  weight.  Such  load  limiters 
are  called  variable-load  energy  absorbers,  and  can  be  designed  in  many  differ¬ 
ent  ways  to  achieve  adjustability.  Previous  development  has  emphasized  methods 
whereby  the  occupant  must  manually  select  an  appropriate  energy  absorber  load 
by  adjusting  a  dial.  The  potential  for  error  or  neglect  makes  such  methods 
less  than  ideal. 

The  research  reported  herein  investigated  the  feasibility  of  an  automatic¬ 
ally  controlled  variable-load  energy  absorber,  which  vould  require  no  attention 
whatsoever  from  the  seat  occupant.  Specifically,  the  investigated  device  con¬ 
sists  of  a  hydraulic  cylinder  equipped  with  an  acceleration-sensing  pressure 
relief  valve.  In  operation,  the  load  required  to  elongate  the  hydraulic  cylinder 
is  proportional  to  the  fluid  pressure,  which  is  regulated  by  the  relief  valve, 
which  in  turn  is  governed  by  the  acceleration  sensor. 

The  following  sections  of  this  report  describe  the  development,  fabrica¬ 
tion,  and  testing  of  the  automatically  controlled  variable-load  energy  absorber, 
and  evaluate  it  relative  to  existing  manually  adjustable  variable-load  energy 
absorbers : 


•  Definition  of  terms 

•  Requirements 

•  Concept  Description 

•  Development 

•  Description  of  Test  Article 

•  Dynamic  Testing 

•  Alternate  Configuration 

•  Comparison  of  ASAVLEA  to  MAVLEA 

•  Conclusions  and  Recommendations. 
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DEFINITION  OF  TERMS 


The  following  text  defines  key  words  that  might  not  be  familiar  to  the 
reader. 

Acceleration  or  Deceleration 


Synonymous  terms  denoting  rate  of  change  of  velocity. 
ASAVLEA 


Acceleration-sensing  automatic  variable-load  energy  absorber. 

Companion  Energy  Absorber 

In  a  variable-load  energy-absorbing  system,  the  total  limit  load  may  be 
the  sum  of  the  loads  from  two  sources,  one  source  being  a  fixed-load  primary 
energy  absorber,  the  other  being  a  variable-load  energy  absorber.  In  such  a 
case,  the  fixed-load  energy  absorber  is  said  to  be  the  companion  of  the  variable 
load  energy  absorber. 

Energy  Absorber  (E/A),  Load  Limiter.  Load-Limiting  Device,  Attenuator 

These  are  interchangeable  names  of  devices  used  to  limit  the  load  in  a 
structure  to  a  preselected  value.  These  devices  absorb  energy  without  signifi¬ 
cant  elastic  rebound  by  providing  a  resistive  force  applied  over  a  deformation 
di stance. 

flea 


Fixed-load  energy  absorber. 

r t/sec 


Feet  per  second. 
qal/nin 

Gal  Ions  per  mi nute. 
Linn  t  Load 


Limit  load  refers  to  the  load  a  structure  will  carry  before  yielding. 
Similarly,  in  an  energy-absorb ing  device,  it  represents  ♦he  load  at  which  the 
device  deforms  in  performing  its  function. 

MAVLEA 


Manually  adjustable  variable-load  energy  absorber. 


msec 


A  millisecond  equals  0.001  second. 
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Occupant  Vertical  Effective  Weight 

This  is  the  portion  of  occupant  weight  supported  by  the  seat  with  the  occu¬ 
pant  seated  in  a  normal  flight  position.  The  vertical  effective  weight  is  con 
sidered  to  be  80  percent  of  the  occupant  weight,  p’us  equipment  ano  clothes 
carried  above  the  knees.  The  weight  of  the  feet,  boots,  lover  legs,  and  part 
of  the  thighs  is  carried  directly  by  the  floor  through  the  feet. 

Vari apl e-Load  Energy  Absorber 

An  energy  absorber  with  the  capability  of  varying  the  limit  load  at  which 
it  deforms. 


REQUIREMENTS 


Foremost,  Simula  was  to  analyte,  design,  fabricate,  and  test  a  breadboard 
model  of  the  acceleration-sensing  automatic  variable-load  energy  atsorber 
(ASAVLEA)  to  demonstrate  its  feasibility  for  limiting  crash  accelerations  to 
human  tolerance  levels.  Dynamic  performance  of  the  device  during  the  crash 
conditions  was  therefore  of  primary  importance. 

Other  constraints  applied  to  the  design  were  simplicity,  reliability,  and 
cost  effectiveness.  The  breadboard  model  was  not  required  to  *ave  the  compact¬ 
ness  of  a  production  design;  it  was  ruggedly  made  to  enaure  repeated  testing, 
with  easily  accessible  parts  for  replacement  or  adjustment. 

Of  all  the  design  criteria,  the  most  obvious  ’>  that  the  ASAVLEA  must  pro¬ 
vide  the  correct  predetermined  deceleration  for  any  occupant  weight  from  the 
5th-  to  the  95th-percentile.  The  weight  of  equipment  sometimes  carried  by  the 
crewnember  is  also  a  significant  variable.  Therefore,  Simula  chose  to  make  the 
energy  absorbers  operate  between  the  range  of  the  lightly  clad  fth-  tc  the 
heavily  equipped  95th-percentile  occupant 

The  movable  weight  of  the  seat  (including  not  only  the  seat  bucket,  but 
also  cushions,  restraints,  adjustment  mechanisms,  bearings,  headrest,  etc.)  is 
another  factor  affecting  the  load  requirements  of  the  energy-absorbing  system. 
The  weight  of  these  items  is  fixed,  and  therefore  the  load  decelerating  the 
bucket  car'  be  provided  by  the  fixed-load  energy  absorber.  The  effect  of  bucket 
weight  on  the  total  system  is  still  very  important.  A  lightweight  bucket  allows 
occupant  weight  variations  to  have  large  effects  on  the  total  movable  weig'  :, 
and  thus  causes  the  highest  percentage  of  total  load  to  be  provided  by  the 
ASAVLEA.  Therefore,  tfrs  development  emphasized  the  conditions  occurring  in  a 
lightweight  seat  such  as  the  Navy’s  SH-608  Seahawk,  the  bucket  of  which  (with 
accessories)  weighs  23  lb.  Other,  heavier,  buckets  were  also  evaluated:  a 
60-lb  bucket  and  a  110-lb  bucket  similar  to  UH-60A  Black  Hawk  and  AH-64A  Apache 
buckets,  respectively.  Table  1  summarizes  the  seat  bucket  and  occupant  effec¬ 
tive  weights  for  which  the  automatically  controlled  energy-absorbing  test  hard¬ 
ware  was  designed  to  accommodate. 

To  enhance  reliability  by  provioing  redundancy,  the  ASAVLEA  was  planned 
to  operate  in  parallel  with  a  fixed-load  energy  absorber,  one  of  each  per  seat. 
The  fixed-load  energy  absorber  was  sized  to  provide  as  much  load  as  possible. 
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TABLE  1.  EFFECTIVE 

WEIGHT  OF  CREWMEMBERS  AND 

SEAT  BUCKET 

Item 

Lightly  Equipped 
5th-percentile 

..  Ob) 

Heavily  Equipped 
95th-percentile 
(lb) 

Occupant 

80  Percent  of  Occupant 

136.5 

109.2 

212.0 

169.6 

Clothing 

80  Percent  of  Clothing 

3.5 

2.8 

9.75 

7.8 

Helmet  and  Equipment 

0.0 

22.6 

Crewmember  Effective  Weight 

112.0 

200.0 

Lightweight  Seat  Bucket 

23.0 

23.0 

Total  Movable  Weight 

135.0 

223.0 

without  exceeding  that  required  by  the  5th-percentile  occupant.  Additional 
load  for  heavier  occupants  would  be  provided  by  the  ASAVLEA.  As  discussed  in 
the  "Development"  section,  the  ASAVLEA  must  discharge  a  maximum  of  75  gal/mi n 
through  its  relief  valve.  For  a  reasonably  compact  relief  valve,  approximately 
400  psi  of  pressure  drop  was  expected  to  occur,  even  with  the  relief  valve  wide 
open.  Therefore,  the  fixed-load  energy  absorber  was  downsized  accordingly  to 
compensate  for  the  Inability  of  the  hydraulic  energy  absorber  to  achieve  zero 
load  at  high  rates  of  elongation. 

The  ASAVLEA  was  sized  for  crash  conditions  equal  to  the  95th-percentile 
survivable  crash,  l.e..  Dynamic  Test  Number  1  of  MIL-S-81771A  (Reference  1). 

In  this  test  the  energy  absorber  Is  expected  to  stroke  10  to  12  in.  and  reach 
an  elongation  rate  of  25  ft/sec.  The  ASAVLEA  was  to  respond  to  a  crash  acceler 
ation  onset  rate  of  up  to  2,100  G/sec  without  overshooting  the  attenuated  ac¬ 
celeration  set-point  by  an  intolerable  amount. 

Rather  than  the  11.5  G  recommended  by  TR- 79-220  (Reference  2),  the  attenu¬ 
ated  acceleration  set  point  was  chosen  to  be  14.5  u,  identical  to  the  earlier 
recommended  set  point  of  TR-71-22  (Reference  3).  The  Army,  without  benefit  of 
more  definitive  data,  decided  that  14.5  G  was  too  high,  and  reduced  the  crlteri 
for  TR-79-22D  to  11.5  G  for  the  50th-percentile  occupant.  Since  the  Army  re¬ 
duced  the  set  point,  several  crashes  have  occurred  of  UH-60A  Black  Hawk  feli- 
copters  equipped  with  Simula  seats  with  the  fixed-load  energy  absorbers  set  to 
14.5  G  for  the  50th-peroentile  occupant.  The  occupants’  spines  were  protected 
by  the  energy  absorbers  in  each  case  where  there  was  no  exceptional  event,  such 
as  one  incident  where  the  protrusion  of  a  tree  limb  into  the  cockpit  damaged  ih 
seat.  Thus,  field  experience  indicates  that  limit  loads  set  for  the  effective 
weight  of  the  50th-percentile  occupant  decelerated  at  14.5  G  is  an  appropriate 
target  value  for  energy  absorbers  used  in  these  military  applications. 
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Candidate  hydraulic  fluids  were  also  sought.  Specifications  of  fluid  prop¬ 
erties  were  demanding,  and  included  the  following: 

•  Useful  temperature  range  of  -60  to  +  160°F 

•  Ten-year  life  in  a  sealed  system 

•  Nonflammability 

•  Low  viscosity 

•  High  viscosity  index,  l.e.,  viscosity  relatively  unaffected  by  temp¬ 
erature. 

The  hydraulic  energy  absorber  was  required  to  be  reliable  and  to  incorpor¬ 
ate  as  many  faii-safe  and  redundant  features  as  was  consistent  with  cost  con¬ 
straints.  Among  the  features  evaluated  were  filters  and  redundant  pressure- 
relief  valves. 

Cost  was  to  be  minimized  by  avoiding  complexity  and  by  using  standard 
materials  and  conventional  processes.  If  the  hydraulic  energy  absorber  were 
to  be  consistent  with  fixed-load  inversion  tube  energy  absorbers,  no  mainte¬ 
nance  would  be  required,  and  no  deleterious  effects  could  be  expected  from  temp¬ 
erature  extremes,  vibration,  or  exposure  to  contaminants. 

Simula  chose  a  target  accuracy  for  the  ASAVLEA  of  tZ  G,  Including  all  ef¬ 
fects  with  the  exception  of  temporary  overshoot. 

The  contract  Statement  of  Work  required  that  the  breadboard  ASAVLEA  model 
be  built  and  dynamically  tested  with  rigid  masses  representing  the  weights  of 
the  5th-  through  95th-percentile  occupants.  Another  condition,  called  the  dis¬ 
tributed  mass  condition,  was  also  to  be  evaluated  using  a  computer  model  simu¬ 
lating  the  flexibilities  of  an  occupant  and  seat  to  provide  a  comparative  an¬ 
alysis  of  occupant  response  to  a  constant  acceleration  function  versus  a  con¬ 
stant  force  function. 


CONCEPT  DESCRIPTION 


The  ASAVLEA  Is  essentially  a  hydraulic  shock  absorber,  and  elongation  Is 
resisted  by  pressure  generated  from  fluid  passing  through  a  relief  valve.  The 
relief  valve  must  automatical ly  restrict  the  flow  to  whatever  degree  Is  neces¬ 
sary  to  provide  14.5-G  deceleration.  The  overall  concept  is  shown  schematically 
In  Figure  1,  and  the  operation  of  the  relief  valve  Is  illustrated  In  Figure  2 
and  described  In  the  following  paragraphs, 

Relief  Val ve  Operation 

The  relief  valve  may  be  described  as  a  two-stage  servo  valve.  In  the  1st 
stage,  acceleration  is  detected  by  the  forces  acting  on  a  snail  mass,  called 
the  G-sensing  mass.  The  tiny  forces  and  motions  of  the  G-sensIng  mass  are  then 
amplified  and  used  to  control  the  2nd  stage  valve.  If  it  were  not  for  the  am¬ 
plification  In  the  two-stage  concept,  the  G-sensing  mass  would  need  to  be  pro¬ 
hibitively  heavy. 
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Figure  1.  Position  of  ASAVLEA  between  airframe 
and  protected  mass. 


The  power  for  the  amplification  comes  from  fluid  bypassed  around  the  2nd 
stage  valve  to  the  1st  stage  chamber.  It  can  be  seen  in  Figure  2  that  the  2nd 
stage  valve  spool  position  is  dependent  upon  the  amount  of  fluid  in  the  1st 
stage  chamber.  To  change  the  amount  of  fluid  in  the  1st  stage  chamber  (thus, 
the  position  of  the  2nd  stage  valve)  incoming  metered  fluid  can  be  selectively 
discharged.  The  functions  of  the  various  components  may  be  best  understood  by 
comparing  the  cause  and  effect  relationships  at  two  conditions:  equilibrium 
and  disequilibrium. 

At  equilibrium  the  following  conditions  exist: 

•  The  pressure  in  the  high-pressure  end  of  the  cylinder  is  correct  to 
deliver  14.5-G  deceleration  to  the  mass  to  which  the  cylinder  is 
connected. 
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•  The  downward  Inertial  load  of  the  G-sensinq  mass  is  exactly  balanced 
by  the  net  upload  from  preload  springs  1(a)  and  1(b).  This  occurs 

at  one  unique  condition  precalibrated  by  the  G-level  adjustment  screw. 

•  The  1st  stage  valve,  (connected  to  the  G-sensing  mass),  is  open  to 
the  degree  necessary  to  discharge  fluid  at  the  exact  rate  fluid  is 
entering  through  orifice  1. 

•  Therefore,  no  net  change  of  fluid  volume  in  the  1st  stage  chamber 
occurs,  and  no  movement  of  the  2nd  stage  valve  spool  results. 

Now  consider  the  case  of  disequilibrium,  when,  due  to  some  external  con¬ 
dition,  the  acceleration  temporarily  falls  to  a  value  less  than  14.5  G.  The 
following  sequence  occurs  to  restore  equilibrium: 

•  The  G-sensing  mass,  no  longer  pressed  downward  by  the  full  14.5-G 
inertial  load.  Is  displaced  slightly  upward  by  the  load  from  the  pre¬ 
load  spring. 

•  This  closes  the  1st  stage  valve  to  a  degree  less  than  its  equilibrium 
condition,  and  therefore  *"educes  the  rate  of  fluid  discharged  from 
the  1st  stage. 

•  Fluid  begins  to  accumulate  in  the  first  stage  chamber  and  therefore 
displaces  the  2nd  stage  valve  spool  to  the  left. 

•  As  the  movement  of  the  2nd  stage  spool  continues,  the  2nd  stage  valve 
gradually  closes,  progressively  restricting  the  fluid  flow,  and  there¬ 
fore  Increasing  the  pressure  in  the  high  pressure  side  of  the  hydraulic 
cyl Inder. 

•  When  the  cylinder  pressure  reaches  the  magnitude  such  that  14.5-G 
deceleration  Is  restored,  the  G-sensing  mass  returns  to  its  equilib¬ 
rium  position,  causing  the  2nd  stage  valve  to  halt  Its  movement. 

t  Equilibrium  Is  thus  restored  at  the  new  position  of  the  2nd  stage 
val ve. 

Notice  that  the  2nd  stage  spool  Is  held  In  a  somewhat  tenuous  balance  be¬ 
tween  the  pressure  forces  on  Its  ends.  The  areas  on  Its  ends  were  chosen  to 
cause  the  pressure  on  Its  right  side  to  be  about  one  half  of  that  on  the  left 
side.  This  enables  the  pressure  drops  across  orifice  1  and  the  1st  stage  valve 
to  be  equal,  resulting  In  symmetrical  restoration  action  either  above  or  below 
14.5  G.  Actually,  a  concession  was  made  to  the  availability  of  standard  com¬ 
ponents,  which  resulted  In  the  1st  stage  equilibrium  pressure  being  44  percent 
of  the  cylinder  pressure,  with  little  degradation  of  symmetry. 

A  feature  which  helps  maintain  stability  of  the  2nd  stage  valve  Is  labeled 
"Damper  2"  (Figure  2).  Fluid  surging  through  orifice  2  dampens  the  motion  of 
the  2nd  stage  valve.  Similarly,  the  motion  of  the  G-sensing  mass  Is  dampened 
by  fluid  surging  through  orifice  3  Into  and  out  of  damper  chamber  1. 

The  2nd  stage  valve  preload  spring  (spring  2)  serves  only  to  hold  the  2nd 
stage  valve  closed  prior  to  the  crash  pulse.  For  proper  function,  the  2nd  stage 
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valve  must  start  closed,  then  progressively  open  as  the  fluid  discharge  rate 
increases. 

Springs  1(a)  and  1(b)  hold  the  1st  stage  valve  closed  prior  to  the  crash 
pulse.  If  it  were  not  for  the  overtravel  stop  screw,  the  springs  would  push 
the  valve  far  past  the  closed  position.  The  overtravel  stop  screw  permits  the 
motion  of  the  1st  stage  valve  to  be  halted  just  beyond  (approximately  0.001 
in.)  the  fully  closed  position.  This  feature  reduces  the  time  lag  of  the  ini¬ 
tial  G-sensing  mass  response. 

Due  to  the  preload  of  spring  1(a)  and  the  presence  of  the  overtravel  stop 
screw,  the  first  stage  valve  does  not  begin  to  open  until  approximately  11  G 
is  experienced.  Then,  if  the  acceleration  continues  to  rise,  the  valve  only 
has  to  move  approximately  0.003  in.  to  reach  its  equilibrium  condition  at  14.5  G. 
This  motion  must  be  small,  in  order  to  preserve  a  sufficiently  high  frequency 
response  of  the  1st  stage.  The  2nd  stage  valve,  on  the  other  hand,  does  not 
require  such  rapid  response,  but  may  open  as  much  as  0.10  in.  to  discharge  large 
quantities  of  fluid. 

Also  note  that  the  forces  acting  upon  the  G-sensing  mass  are  measured  in 
ounces,  while  those  acting  upon  the  2nd  stage  valve  are  measured  in  hundreds 
of  pounds.  This  is  perhaps  the  most  important  reason  that  the  two-stage  ap¬ 
proach  was  adopted. 

Rel i ab i 1 i ty  Featu  res 

Safety  features  include  the  filter  upstream  from  orifice  1  and  the  safety 
relief  valve.  The  filter  prevents  contaminants  from  clogging  the  tiny  passages 
of  orifice  1  or  the  1st  stage  valve. 

The  safety  relief  valve  is  located  where  it  is  on  Figure  2  because  the 
flow  through  the  1st  stage  is  only  about  0.5  gal/min,  while  that  through  the 
2nd  stage  may  be  as  high  as  75  gal/min.  The  safety  relief  valve  can  therefore 
be  very  small  and  compact,  in  comparison  to  the  2nd  stage  valve.  The  pressure 
in  the  1st  stage  chamber  is  always  about  44  percent  of  that  in  the  cylinder, 
thus  the  safety  valve  can  have  the  desired  ultimate  effect  upon  the  cylinder 
pressure. 


Another  reliability  feature  results  from  the  use  of  the  ASAVLEA  in  parallel 
with  a  fixed-load  energy  absorber.  This  causes  an  improvement  in  the  fail-safe 
conditions  during  both  operational  and  crash  loading.  Further  explanation  of 
the  fail-safe  conditions  may  be  found  in  the  "Reliability  Comparison"  section. 


DEVELOPMENT 


The  acceleration-sensing  automatic  variable-load  energy  absorber  (ASAVLEA) 
was  developed  by  an  iterative  process,  beginning  with  rough  hand  calculation 
and  followed  by  progressive  refinement  through  the  use  of  a  computer  model. 

The  computer  model  contained  representations  of  the  detailed  components  of  the 
hydraulic  pressure  relief  valve  in  order  to  simulate  the  transient  dynamic  re¬ 
sponse  of  the  system.  This  enabled  prediction  of  performance  and  optimization 
of  parameters  affecting  dynamic  performance. 
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In  addition  to  dynamic  performance,  other  requi rements  listed  in  the  "Re 
quirements"  section  of  this  report  were  also  considered.  The  following  text 
describes  the  methods  used  to  develop  the  concept  into  successful  hardware, 
and  discusses  some  choices  and  alternatives. 

ASAVLEA  Computer  Model 

A  computer  model  was  developed  to  simulate  the  response  of  the  ASAVLEA 
under  dynamic  conditions.  The  modular  model  was  used  in  conjunction  with  two 
types  of  occupant  models:  the  lumped  mass  model,  and  five  degree-of-freeaom 
distributed  mass  model  (Figure  3).  In  each  case  the  provision  was  made  to 
incorporate  a  fixed-load  energy  absorber  (FLEA)  in  parallel  with  the  ASAVLEA. 
The  dynamic  rate  sensitivity  of  the  FLEA  is  simulated  by  the  damper  accompany 
ing  the  fixed-load  energy  absorber. 


Spinal 

column 


o 

lumped 
■eat  and 
occupant 
mass 


Buttocks 


Cushion 


FLEA  and 
damper 


ASAVLEA 


FLEA  ond 
damper 


a.  Lumped  maa •  system. 


b.  DlSti  Ibu:.’d  rrjqs  system. 


Figure  3.  Seat/occupant  system  models  utilizing  the 
ASAVLEA  computer  model. 
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The  ASAVLEA  computer  model  utilizes  fifteen  nonlinear  fluid  flow  equations 
which  govern  the  flow  and  pressures  throughout  the  device.  Each  equation  is 
based  on  incompressible  fluid  mechanics  theory,  although  the  compressibility 
of  the  main  chamber  fluid  column  was  modeled  as  an  additional  degree-of- freedom 
for  the  computer  simulation  (i.e.  spring  in  series  with  the  ASAVLEA).  Figure  4 
shows  features  within  the  automatic  relief  valve  which  were  included  in  the  com¬ 
puter  model.  The  moving  segments  within  the  relief  valve  of  the  ASAVLEA  were 
treated  as  rigid  bodies  acting  under  the  influence  of  the  inertial,  pressure, 
and  spring  forces. 

The  flow  coefficients  used  in  the  flow  equations  are  nonlinear  functions 
of  the  local  Reynold's  Number.  However,  within  the  fluid  velocity  range  seen 
in  the  dynamic  simulations,  it  was  found  that  the  coefficients  were  essentially 
constant. 

Fluidic  impulsive  forcer  due  to  change  of  direction  of  the  fluid  at  the 
valve/valve  port  interface  were  treated  in  the  force  balance  of  the  1st  stage 
valve.  Continuity  equations  ensure  that  the  displaced  volume  due  to  the  moving 
valve  segments  is  consistent  with  the  fluid  flow.  Hie  equations  governing  fluid 
mechanics  within  the  energy  absorber  consider  losses  due  to  expansion,  contrac¬ 
tion,  and  orifice  flow. 

The  equations  of  motion  for  the  masses  and  the  occupant  segments  are  solved 
using  an  Adams-Moul ton  predictor  corrector  technique.  Since  this  technique  is 
not  self-starting,  a  Runge-Kutta  method  was  incorporated  into  the  algorithm. 

The  algorithm  had  the  capability  of  integrating  with  variable  step  sizes  to 
increase  the  speed  of  integration  while  maintaining  the  specified  error  bounds 
between  the  predictor  and  corrector  steps.  However,  the  solution  of  the  pres¬ 
sure  and  flow  rate  equations  in  conjunction  with  the  equations  of  motion  ne¬ 
cessitated  fixed-time  step  integration. 

The  integration  algorithm  for  the  equations  of  motion  requires  that  first 
and  second  derivatives  of  the  displacement  parameters  be  evaluated  at  inter¬ 
mediate  points.  The  second  derivatives,  or  accelerations,  were  derived  from  a 
balance  of  the  following  forces  acting  on  the  masses:  fluid  pressure,  momentum 
change,  spring,  and  damper.  Therefore,  at  each  intermediate  step  the  integra¬ 
tion  subroutine  called  another  subroutine  which  solved  simultaneously  the  pres¬ 
sure  and  flow  rate  equations  to  obtain  the  instantaneous  second  derivatives. 

As  noted  above,  the  fluid  flow  equations  were  nonlinear,  with  the  difference 
in  pressure,  aP,  being  proportional  to  the  square  of  the  local  fluid  velocity. 
These  equations  were  linearized  using  a  technique  derived  for  this  program. 

There  are  general  methods  for  linearizing  this  type  of  equation;  however,  the 
cost  and  time  required  for  their  implementation  would  have  been  prohibitive 
under  this  contract. 

The  linearization  technique  utilized  past  values  of  local  fluid  pressure 
differences,  since  it  was  expected  that  these  pressure  differences  would  change 
relatively  slowly.  As  an  example,  consider  the  equation  governing  flow  through 
a  sharp-edged  orifice: 


PQ 


Pi  -  P?  = 


0 


pc  ?-f\ 
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p^:  local  fluid  pressure 

Q^:  fluid  flow  rate 

M^:  segment  mass 

:  spring  rate 

C.:  orifice  coefficient 

1 


Figure  4.  Schematic  diagram  of  ASAVLEA  computer  model. 
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This  equation  could  be  rewritten  for  solution  as: 


2  2 

where  6  =  p/2Cq  was  assumed  to  be  a  constant.  In  order  to  linearize  this 
type  of  equation  to  make  it  amenable  to  simple  solution  techniques,  the  square 
root  of  the  pressure  drop  from  the  previous  time  step  was  used.  This  equation 
could  then  be  written  in  the  following  form: 


Where  Pn  is  the  pressure  for  the  current  time  step  and  Pn  is  the  pressure 

from  the  previous  time  step.  Each  of  the  equations  was  linearized  in  this 
fashion  and  solved  simultaneously  when  called  by  the  integration  subroutine. 

This  recursive  technique  required  the  use  of  a  relatively  small,  fixed  inte¬ 
gration  time  step  to  ensure  convergence. 

Input  to  the  ASAVLEA  computer  model  consists  of:  physical  dimensions  of 
the  valve  components  (mass,  spring  rate,  and  damper  values),  hydraulu.  fluid 
properties,  occupant  lumped  parameters,  and  a  digitized  acceleration-time  his¬ 
tory  to  use  as  a  driving  function.  The  output  from  the  computer  model  was  in¬ 
tended  to  aid  In  Interpreting  the  dynamic  performance.  At  each  integration 
step  (or  multiple  of  the  time  step),  all  pressures,  flow  rates,  displacements, 
velocities,  and  accelerations  were  printed.  Also,  a  printer-plotting  subroutine 
was  Incorporated  to  obtain  a  pictorial  display  of  the  time  history  of  key  pa¬ 
rameters.  These  parameters  Included  1st  and  2nd  stage  pressure,  input  and  occu¬ 
pant  acceleration,  and  displacement  of  the  valve  spools  relative  to  the  ASAVLEA 
housing. 

The  computer  model  served  three  functions.  It  was  compared  to  hand  cal¬ 
culations  of  performance  under  specific,  limited  conditions  (such  as  steady 
state  and  maximum  flow).  Then  It  was  used  to  evaluate  dynamic  performance  under 
realistic  crash  conditions.  This  led  to  modification  of  several  design  pa¬ 
rameters  In  order  to  optimize  dynamic  performance.  Also,  the  computer  model 
was  used  to  Investigate  the  sensitivity  of  performance  to  various  design  par¬ 
ameters. 

A  comparison  of  the  predicted  and  experimental  ASAVLEA  performance  is  dis¬ 
cussed  In  the  "Dynamic  Testing"  section.  Appendix  A  presents  a  complete  print¬ 
out  from  one  of  the  simulations. 
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Discussion  of  Relief  Valve  Development 

In  the  evolution  from  concept  to  hardware,  many  decisions  had  to  be  made  to 
select  the  correct  combination  of  masses,  springs,  and  passage  sizes.  Although 
many  of  the  decisions  used  routine  control  theory  and  fluid  flow  principles,  a 
few  deserve  further  explanation.  For  instance,  the  orifice  identified  as  ori¬ 
fice  1  in  Figure  2  needed  to  be  replaced  by  the  pressure-compensated  orifice. 
This  need  was  related  to  response  speed  and  unwanted  fluid  impulse  forces  which 
are  explained  more  fully  in  the  following  sections. 

Response  Speed 


In  the  95th-percentile  crash  represented  by  MIL-S-81771  Dynamic  Test  No. 

1  (Reference  i),  the  seat's  energy-absorbing  system  needs  to  stroke  approxi¬ 
mately  10  in.  in  about  0.110  sec.  During  this  stroke  the  rate  of  elongation 
reaches  a  peak  of  about  25  ft/sec.  In  the  hydraulic  energy  absorber,  flow  rises 
from  0  to  75  gal/min  and  back  to  0  gal/min  during  this  period.  As  the  flow 
rate  changes,  the  2nd  stage  valve  must  be  constantly  repositioned  to  provide 
the  correct  pressure  drop  necessary  for  14.5  G. 

A  further  complication  arises  from  changes  of  occupant  weight.  A  very 
great  range  of  load  (approximately  400  to  1900  lb)  must  be  covered  by  the  hy¬ 
draulic  energy  absorber.  For  the  low  loads  required  by  light  occupants,  the 
2nd  stage  valve  (starting  from  a  closed  position)  must  be  moved  to  a  relatively 
wide-open  position  to  handle  peak  flow,  and  then  returned  to  the  closed  posi¬ 
tion  as  the  stroke  ends.  The  low  operating  pressure  requires  orifice  1  to  be 
fairly  large  In  order  to  supply  enough  fluid  to  the  first  stage  chamber  for 
sufficient  speed  of  response. 

For  high  loads  required  to  decelerate  a  heavy  occupant,  the  2nd  stage  valve 
should  not  move  ve"*y  far;  It  must  remain  near  the  closed  position  to  generate 
high  pressures.  The  high  pressures  require  orifice  1  to  be  very  small  to  pre¬ 
vent  excessive  flow  into  the  1st  stage  chamber. 

Excessive  flow  into  the  1st  stage  chamber  has  two  consequences:  (1)  un¬ 
necessarily  rapid  response  of  the  2nd  stage  valve,  leading  to  instability,  and 
(2)  high  impulse  forces  upon  the  1st  stage  valve  as  fluid  leaves  the  1st  stage 
chamber,  which  causes  errors  in  detecting  acceleration. 

According  to  the  computer  predictions,  a  suitable  compromise  using  a  simple, 
flxtd  orifice  could  not  be  achieved  for  both  light  and  heavy  occupants.  There¬ 
fore,  a  more  complex  orifice  was  necessary. 

Pressure-Compensated  Orifice 

One  alternative  to  the  simple  orifice  1  of  Figure  2  was  a  pressure- 
compensated  orifice,  so  called  because  It  allows  the  same  amount  of  fluid  to 
pass,  regardless  of  the  pressure  differential  acting  across  the  orifice.  Such 
devices  are  readily  available  as  off-the-shelf  Items  from  specialty  hydraulic 
equipment  suppliers.  A  second  alternative  woula  have  been  to  design  a  custom 
orifice  which  would  decrease  flow  as  pressure  increased,  an  optimum  condition 
for  the  most  consistent  response  and  stability  over  the  entire  range  of  occu¬ 
pant  weights. 
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The  first  alternative,  the  pressure-compensated  orifice,  was  selected 
because  of  its  availability  and  its  adequate  performance  as  predicted  by  the 
computer  model.  A  constant  flow  rate  of  2  in.  /sec  was  predicted  by  the  com¬ 
puter  model  to  avoid  both  sluggish  response  at  low  pressures  and  unstable  re¬ 
sponse  at  high  pressures. 

A  pressure-compensated  orifice  providing  this  flow  for  the  50  centistoke 
silicone  fluid  was  purchased  from  LEE  Corporation  of  Westbrook,  Connecticut, 
for  use  on  the  test  hardware. 

Impulse  Error 

3 

The  2  in.  /sec  flow  through  the  1st  stage  chamber  exits  through  the  tiny 
ports  of  the  1st  stage  valve  at  very  high  velocity,  especially  when  the  pres¬ 
sure  is  high.  The  forces  acting  upon  the  fluid  as  it  converges  and  accelerates 
toward  the  valve  ports  is  felt  by  the  G-sensing  mass.  The  force  has  been  la¬ 
beled  "impulse  error"  and  has  been  calculated  to  vary  from  0.25  to  0.55  lb  (for 
steady  state  conditions)  depending  upon  the  pressure.  This  impulse  error  acts 
upon  the  G-sensing  mass  in  a  direction  opposite  to  the  inertial  force  of  the 
G-sensing  mass.  (Recall  that  the  inertial  force  of  the  G-sensing  mass  is  pro¬ 
portional  to  the  acceleration  to  be  detected). 

If  the  impulse  error  were  constant,  it  could  be  corrected  by  a  readjust¬ 
ment  of  the  first  stage  preload  spring.  Only  the  non-constant  portion,  0.3  lb 
(the  difference  between  0.55  and  0.25  lb),  contributes  uncertainty  to  the  de¬ 
tection  of  acceleration.  If  the  uncertainty  is  to  be  limited  to  10  percent  of 
the  inertial  force  of  the  G-sensing  mass,  then  the  G-sensing  mass  must  supply 
3.0  lb  of  inertial  force  at  14.5  G.  Therefore,  the  1-G  weight  of  the  G-sensing 

mass  must  be  =  0.2  lb.  The  size  of  the  G-sensing  mass  was  determined  by 

this  method  and  verified  by  the  computer  simulation. 

Other  Influences  on  Accuracy 

If  impulse  error  were  the  only  error  affecting  the  system,  the  accelera¬ 
tion  of  the  95th-percentile  occupant  would  be  expected  to  be  10  percent  higher 
than  that  of  the  5th-percentile  occupant.  Fortunately,  another  influence  of 
approximately  equal  magnitude  acts  in  the  opposite  direction.  This  influence 
is  a  result  of  the  different  equilibrium  positions  required  of  the  1st  stage 
valve  for  different  sized  occupants.  The  equilibrium  positions,  expressed  as 
distance  from  the  fully  closed  position,  are  0.003  in.  and  0.0015  in.  for  the 
5th  and  95th  percentiles,  respectively.  Because  the  spring  rate  of  the  1st 
stage  valve  is  216  lb/in.  the  deflection  between  the  two  positions  requires  a 
force  of  0.32  lb.  This  force  acts  in  the  opposite  direction  of  the  impulse 
error  and  is  nearly  thn  same  magnitude  Therefore  the  accelerations  of  the 
5th  and  95th  percer  ^  converge  to  the  same  value.  It  is  fortunate  that  this 
occurs,  because  the  spring  rate  cannot  be  adjusted  freely  over  a  very  wide  range 
to  achieve  this  condition.  The  choice  of  the  1st  stage  spring  rate  is  based 
primarily  upon  frequency  response  requirements  revealed  by  the  computer  model. 

Another  factor  influencing  accuracy  is  related  to  disequilibrium,  and  is 
best  illustrated  by  Figure  5.  The  average  lumped  mass  acceleration  can  be  seen 
to  be  higher  than  14.5  G  during  the  first  0.050  sec  and  lower  during  the  remain¬ 
ing  time.  In  explanation,  fluid  flow  through  the  2nd  stage  valve  is  proportional 
to  rate  of  energy  absorber  elongation  and  as  the  flow  increases  during  the  first 
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Figure  5.  Computer  simulation  of  lumped  mass  representing  the 
5th-percentile  occupant  decelerated  by  a  hydraulic 
energy  absorber.  Conditions: 

•  Occupant  effective  weight  of  112  lb  combined 
with  23-lb  bucket. 

•  Fixed-load  energy  absorber  of  1350  lb  used  in 
conjunction  with  hydraulic  energy  absorber. 

•  Spring  rates  of  energy  absorbers  are  represen¬ 
tative  of  actual  hardware. 
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0.050  sec,  the  2nd  stage  valve  must  gradually  open.  To  cause  the  2nd  stage 
valve  to  open,  the  1st  stage  valve  needs  to  be  opened  beyond  its  equilibrium 
position  (i.e.,  reach  disequilibrium),  to  dump  more  fluid  from  the  1st  stage 
than  is  entering  through  orifice  1.  To  hold  the  1st  stage  valve  open  beyond 
its  equilibrium  position  requires  greater  than  14.5  G,  which  is  the  disequili¬ 
brium  error. 

After  0.050  sec  the  2nd  stage  valve  needs  to  begin  closing  as  the  fluid 
flow  rate  decreases,  and  the  reverse  of  the  previous  description  applies. 

If  the  input  acceleration  is  very  brief,  such  as  in  the  tests  described 
in  the  "Dynamic  Testing"  section,  the  peak  flow  rate  is  reached  almost  immedi¬ 
ately.  In  this  case  the  initial  positive  disequilibrium  error  may  be  very  large 
and  brief,  or  it  may  be  obscured  by  other  transients;  the  subsequent  negative 
disequilibrium  error  may  be  prolonged  and  small. 

Another  influence  seen  in  Figure  5  Is  an  oscillation  of  about  120  Hz  in 
the  lumped  mass  response  which  damps  out  slowly.  These  oscillations  result 
from  the  underdamped  condition  of  the  1st  stage.  The  underdamped  condition 
was  chosen  because  it  provides  the  quickest  response  to  step  inputs,  and  because 
the  high  frequency  does  not  have  any  detrimental  effect  upon  the  human  spine. 

The  human  body's  natural  frequencies  are  much  lower,  and  have  the  effect  of 
filtering  out  (averaging)  high  frequency  oscillations.  Therefore,  the  oscilla¬ 
tions  are  not  treated  as  a  degradation  of  accuracy. 

Still  another  influence  on  accuracy  is  friction  between  the  G-sensing  mass 
and  the  tube  upon  which  it  slides.  Test  accelerations  in  this  program  were 
not  applied  in  directions  which  would  have  contributed  to  friction  between  these 
parts.  In  more  representative  crash  conditions,  forward  and  lateral  accelera¬ 
tion  could  be  expected  to  press  the  G-sensing  mass  against  the  tube.  Even  so, 
friction  forces  may  be  avoided  by  the  hydrodynamic  lubrication  of  fluid  leaking 
between  the  parts.  Alternatively,  friction  may  be  overcome  by  the  vibration 
caused  by  fluid  turbulence.  These  speculations  regarding  friction  were  not 
investigated  by  the  tests  conducted  in  this  program.  If  future  tests  indicate 
that  friction  is  a  problem,  the  G-sensing  mass  could  be  supported  on  a  friction- 
free  flexible  metal  diaphragm. 


DESCRIPTION  OF  TEST  ARTICLE 


The  test  hardware  Incorporates  the  basic  features  previously  described  in 
sections  "Concept  Description"  and  "Development",  but  packaged  in  a  manner  ap¬ 
propriate  for  repeated  testing,  readjustment,  and  maintenance.  An  extremely 
rugged  design  was  chosen  to  endure  not  only  repeated  testing,  but  also  extra¬ 
ordinarily  high  loads  which  might  result  from  a  malfunction. 

The  ruggedness  and  special  adjustment  features  resulted  in  the  test  hard¬ 
ware  being  heavier  and  larger  than  the  alternate  configuration  described  in 
section  "Compact  Hydraulic  Energy  Absorber  Size  and  Shape."  That  section  illus- 
trats  that  the  relief  valve  can  be  repackaged  inside  the  piston  to  produce  a 
compact  envelope.  Even  though  the  test  hardware  relief  valve  is  contained  in 
a  large  housing  bolted  to  the  outside  of  the  cylinder,  the  components  within 
that  housing  are  sized  appropriately  to  be  packaged  within  a  piston  1.25  in. 

In  diameter  by  3.5  in.  long.  The  results  from  the  hardware  test  can  therefore 
be  applied  with  confidence  to  the  performance  of  a  production-sized  system. 
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The  description  of  the  test  hardware  is  presented  in  the  following  tabu¬ 
lations  and  text,  and  in  the  reduced  engineering  drawings  of  Appendix  B. 

Overall  Appearance  and  Size 

The  outward  appearance  of  the  test  hardware  is  shown  in  Figure  6,  with 
all  parts  analogous  to  those  previously  shown  in  Figure  1.  Overall  dimensions 
and  weight  are  shown  on  Drawing  No.  SK  10640  of  Appendix  B. 


Figure  6.  Acceleration-sensing  automatic 
variable-load  energy  absorber. 


The  hydraulic  cylinder  used  for  the  energy  absorber  was  a  commercial  high 
pressure  cylinder  manufactured  by  Norcap,  with  a  1.5-in.  diameter  piston, 
1.00-in.  diameter  rod,  and  23-1n.  stroke.  Fluid  passages  in  its  ends  were  bored 
out  to  avoid  restriction,  and  features  were  provided  for  the  attachment  of  the 
automatic  relief  valve,  P/N  100630. 

Details  of  Automatic  ReliefValve 


The  relationship  between  the  components  of  the  automatic  relief  valve  are 
shown  in  assembly  Drawing  No.  SK  10630,  and  the  unique  machined  components  are 
detailed  in  Drawings  No.  SK  10631  through  SK  10635.  Dimensions,  weights,  spring 
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rates,  materials,  and  other  pertinent  data  necessary  to  reproduce  the  test  hard¬ 
ware  may  be  found  on  the  drawings. 

Comparing  SK  10630  to  Figure  2,  most  components  can  be  Identified  by 
their  names  and  the  positions  they  occupy.  The  exception  is  that  the  filter 
and  orifice  which  meters  fluid  to  the  first  stage  (items  20  and  19)  are  shovn 
on  SK  10630  located  within  the  second  stage  spool  (Item  2)  to  save  space.  In 
this  position  they  serve  the  same  exact  function  as  that  shown  In  Figure  2.  In 
other  words,  no  functional  relationship  Is  to  be  inferred  from  the  concentric 
relationship  between  Items  2,  19,  and  20.  Item  No.  19  is  a  pressure-compensated 
orifice  which  flows  2  In.  /sec  regardless  of  the  pressure  differential  acting 
on  it. 

The  fluid  used  to  fill  the  hydraulic  energy  absorber  was  Dow  Corning  type 
51C,  50  centlstoke,  silicone  fluid.  To  avoid  trapped  air,  the  hydraulic  energy 
absorber  was  degassed  with  a  vacuum  pump  prior  to  almost  every  test.  (The  ef¬ 
fect  on  performance  resulting  from  trapped  air  is  further  treated  in  sections 
"Development"  and  "Dynamic  Testing.") 

The  acceleration  at  which  the  hydraulic  energy  absorber  will  extend  is 
determined  by  adjusting  the  acceleration  selector  screw  (Item  22  on  Drawing 
No.  SK  10630).  Prior  to  the  dynamic  tests  this  screw  was  preadjusted  to  ap¬ 
proximately  the  correct  degree  calculated  from  static  tests.  The  accessi  bility 
of  the  screw  permitted  convenient  readjustment  during  the  test  sequence,  if 
such  action  was  found  to  be  necessary. 


DYNAMIC  TESTING 


The  primary  objective  of  the  testing  was  to  determine  if  the  ASAVLEA  could 
indeed  provide  constant  deceleration  for  different  masses.  The  test  masses 
were  135  and  223  lb,  which  represented  the  total  effective  weights  of  the  5th- 
and  95th-percent11e  occupants  In  a  seat  bucket  weighing  23  1b.  The  following 
is  a  description  of  the  test  apparatus,  Instrumentation,  test  conditions  and 
resul ts. 

Test  Apparatus 

The  test  apparatus  can  best  be  understood  by  comparing  the  pretest  and 
posttest  photographs  of  Figure  7  and  studying  the  following  description.  Tin- 
test  apparatus  consists  of  the  major  components  listed  below: 

t  Test  mass  assembly 

•  Hydraulic  energy  absorber 

•  Fixed-load  energy  absorber 

•  Drop  cage 

t 


Tower 


Input  crash  pulse  accelerometer 
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•  Gravel  pile  Impact  barrier 
t  Accelerometers  and  Instrumentation. 

The  test  mass  was  guided  In  the  Intended  direction  of  Its  motion  by  linear 
bearings  and  guides  between  It  and  the  drop  cage.  The  total  weight  of  the  test 
mass  Included  the  test  mass  frame,  weight  plates  bolted  to  it,  guiding  linear 
bearings,  and  attached  energy  absorbers.  The  weight  of  the  test  mass  was  ad¬ 
justed  by  changing  the  quantity  of  weight  plates. 

The  test  mass  was  supported  In  the  direction  of  the  Inertial  loads  by  the 
hydraulic  energy  absorber  (Drawing  No.  SK  10640)  and  by  a  fixed-load  Inversion 
tube  energy  absorber  (Simula  P/N  100566).  The  Inversion  tube  provided  a  dynamic 
load  of  approximately  1350  lb,  and  the  hydraulic  energy  absorber  was  required 
to  provide  whatever  additional  load  was  required  to  decelerate  the  test  mass 
at  14.5  G. 

Test  Procedure 

To  prepare  for  a  test,  the  drop  cage  was  raised  on  the  tower  and  the  gravel 
pile  beneath  It  was  stacked  to  a  predetermined  height  and  shape.  Then,  to  per¬ 
form  a  test,  the  cage  was  driven  downward  to  Impact  the  gravel  pile.  A  nitrogen 
charged  accumulator,  valve,  and  cylinder  mounted  on  the  back  of  the  tower  (not 
shown  In  Figure  7)  were  used  to  accelerate  the  cage  downward.  The  Impact  of 
the  cage  with  the  gravel  pile  was  sensed  by  an  accelerometer  and  Identified  as 
the  "Input  crash  pulse."  Acceleration  of  the  test  mass  assembly  was  sensed  by 
a  second  accelerometer  and  recorded  as  the  "test  mass  acceleration." 

The  accelerometer  outputs  were  amplified  and  filtered  at  300  Hz  with  signal 
conditioners  and  Immediately  fed  to  and  captured  by  a  digital  waveform  analysis 
system  (Norland  3001).  Timing  for  the  Norland's  data  sampling  was  set  at  1  msec 
per  data  point,  and  the  capture  period  was  Initiated  by  triggering  the  analysis 
system  via  a  micro  switch  located  at  the  accumulator  control  valve.  The  cap¬ 
tured  data  were  then  stored  on  computer  disks  for  analysis  and  plotting. 

Prior  to  transfer  to  the  x-y  plotter,  the  data  were  further  conditioned 
using  the  Norland's  "10  N  point  average"  capability,  which  uses  a  weighted, 
moving  average  of  10  points  In  the  data  array,  thus  providing  a  slight  smooth¬ 
ing  effect. 

The  Instrumentation  used  for  these  tests  are  presented  In  Table  2. 

Test  Conditions  and  Results 

At  first,  the  magnitude  and  duration  of  the  Input  crash  pulse  was  built 
up  gradually  to  selectively  Investigate  the  performance  of  the  ASAVLEA  and  the 
test  apparatus.  When  the  crash  energy  was  raised  to  a  sufficient  magnitude, 
the  energy  absorbers  were  required  to  stroke,  but  the  stroking  distance  was 
very  short  (between  2  and  6  In.).  Results  of  these  low-energy  tests  are  pre¬ 
sented  In  Figures  8  through  11. 

As  the  input  pulse  was  further  increased,  a  limitation  of  the  test  fix¬ 
ture  was  discovered  which  prevented  simultaneous  control  of  the  onset  rate  and 
peak  acceleration  of  the  Input  crash  pulse.  Fortunately,  the  hydraulic  energy 
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TA8U  2.  TEST  INSTRUMENTATION 


Item 

Instrument 

Type 

Manufacturer 

Model 

Range 

Response 

Accuracy 
i  j  1 1  -  sc  a  1  e 
i percent; 

1 

Accelerometer 

Unbonded 

Strain  Gaye 

Bel  1  t  Howe! 1 

4-2C2 

100  G 

1250  Hz 

0.75 

2 

Signal 

Conditioner 

Bridge 

Offset 

Be)  1  i  Howel  1 

1-183 

a  IV 

DC  to  30  KHz 

C.l 

3 

Dig  1  t<j  1 

Vol  tmeter 

Dig! tal 

Valhal  la 

4440 

i  2V 

N/A 

C.05 

4 

Waveform 

Analyzer  SyStpm 

Ci  g  I  ta 1 

Norland 

3001 

;  100  n. v 
to  100  V 

Flat  wi  thin 

0.5  percent 

DC  to  6C  KHz 

0.75 

5 

X-Y  Plotter 

Potent!  •'metric 

Plotamatlc 

715 

1  nv/  In. 
to  10  V/in. 

N/A 

0.2 

absorber  appeared  to  be  tolerant  to  onset  rates  higher  than  the  2,100  G/sec 
expected  In  realistic  crash  situations.  Therefore,  testing  was  continued  even 
though  the  severity  of  the  Input  crash  pulse  exceeded  the  target  values.  Fig¬ 
ures  12  through  15  reveal  the  performance  of  the  hydraulic  energy  absorbers 
when  subjected  to  the  most  severe  Input  pulses  that  the  test  fixture  could  de¬ 
liver.  Table  3  summarizes  the  conditions  and  results,  Including  measured  dis¬ 
placements  and  velocities  calculated  from  the  acceleration  data. 

The  only  times  during  the  test  series  that  the  acceleration  selector  screw 
of  the  hydraulic  energy  absorber  was  adjusted,  was  after  Tests  3  and  5,  as  shown 
In  Table  3.  This  Is  Important  when  tests  such  as  6  and  7  are  compared  to  each 
other:  these  test  masses  were  different,  and  the  constant  value  of  the  acceler¬ 
ation  plateau  can  be  attributed  solely  to  the  automatic  action  of  the  hydraulic 
energy  absorber. 

Interpretation  of  Results 

In  general,  the  hydraulic  energy  absorber  demonstrates  the  desired  perfor¬ 
mance  by  limiting  the  test  mass  acceleration  to  a  predetermined  value  regard¬ 
less  of  the  size  of  the  mass.  Tests  1  through  4  Illustrate  the  hydraulic  energy 
absorber's  ability  to  respond  without  overshoot  to  a  realistic  crash  accelera¬ 
tion  onset  rate  for  test  masses  of  the  5th-  through  the  95th-percent11e.  Tests  6, 
7,  and  8  Illustrate  that  the  hydraulic  energy  absorber  can  maintain  the  correct 
acceleration  of  the  5th-  through  95th-percent11e  test  masses  through  a  sustained 
stroke  during  which  the  elongation  velocity  reaches  18  ft/sec.  Measured  accu¬ 
racy  and  frequency  response  also  confirm  the  computer  predictions,  giving  valid¬ 
ity  to  the  analytical  model. 

Two  departures  from  desired  performance  which  require  explanation  can  be 
seen  In  Tests  2  and  6.  Conditions  were  nearly  Identical  In  Tests  2  and  3  ex¬ 
cept  that  the  hydraulic  energy  absorber  was  vacuum  degassed  prior  to  Test  2, 
but  not  prior  to  Test  2,  It  Is  believed  that  air  was  present  in  the  1st  stage 
chamber  during  Test  2,  which  would  result  In  premature  opening  of  the  2nd  stage 
valve  as  pressure  built,  collapsing  the  air  pocket. 


Time  (sec) 


Acceleration  (G) 


•  »  lim  ii 


Time  (sec) 


Figure  14.  Test  7  with  ^5th-percent11e  test  mass. 
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Test  8  with  95th-percenti1e  test  mass 
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TABLE 

3.  SUMMARY  OF  DYNAMIC  TEST 

RESULTS 

Input  Crash 

Pulse 

Hydraulic  E/A  Performance 

Test 

No. 

Test  Mass 
(percentile) 

Onset 

Rate 

(G/sec) 

Peak 

Veloci ty 
Change 
(ft/sec) 

Average 

Plateau 

(G) 

Measured 

Strode 

(in.) 

Maxi  nun 
Elongation 
Rate 
(ft/sec) 

Remarks! I) 

i 

5th 

3,100 

31 

32.0 

14.5 

2.0 

6.7 

2 

95th 

3,100 

29 

30.0 

14.5 

6.2 

10.5 

(2) 

3 

95th 

3,200 

30 

32.4 

N/A 

3.0 

6.5 

(3) 

■4 

5th 

3,100 

31 

33.0 

16.5 

2.0 

S.  7 

s 

5th 

8,000 

66 

35.0 

15.0 

9.0 

18.0 

(2)  (4; 

6 

5th 

8,800 

78 

35.0 

14.0 

8.1 

18.0 

7 

95th 

7.400 

67 

35.0 

13.5 

9.9 

18.  C 

8 

95th 

7,100 

66 

35.0 

N/A 

9.2 

N/A 

Notes : 

1  The 

hydraulic  energy 

absorber  was 

vacuum 

degassed  prior 

to  each  test 

except  as 

noted . 

2.  Hydraulic  energy  absorbers  not  degassed  prior  to  test.  Air  bubbles  suspected  to  be  present  in  1st  stage. 

3.  After  this  test,  the  acceleration  selector  sere*  was  turned  9  degrees  clockwise  in  an  attempt  to 
increase  the  average  by  1  G. 

4.  After  this  test,  the  acceleration  selector  screw  was  turned  9  degrees  counterclockwise  in  an 
attempt  to  decrease  the  average  by  1  G. 


At  20  msec  Into  Test  2,  the  observed  acceleration  value  of  6.5  G  was  con¬ 
sistent  with  that  which  would  occur  if  the  fixed-load  energy  absorber  acted 

alone  (-^§3  =  6)*  The  hydraulic  energy  absorber  was  not  yet  contributing  any 

significant  load.  By  55  msec,  the  air  apparently  was  purged  or  compressed  to 
a  small  enough  volume  to  be  negligible,  at  which  time  the  hydraulic  energy  ab¬ 
sorber  began  to  function  correctly. 

In  Test  6,  the  test  mass  acceleration  overshot  the  plateau  value  for  20 
msec  because  the  extremely  high  crash  pulse  onset  rate  very  abruptly  caused  a 
high  elongation  rate  of  the  hydraulic  energy  absorber.  The  high  elongation 
rate  caused  high  fluid  flow  which  requires  a  large  opening  of  the  2nd  stage 
valve  to  keep  the  force  down  to  that  required  by  the  5th-percentile  test  mass. 
The  second  stage  valve,  vrfilch  always  starts  closed,  was  simply  unable  to  open 
fast  enough. 

Compare  the  conditions  of  Test  6  to  those  of  Test  5.  In  both  cases  input 
acceleration  onset  rate  is  excessive,  approximately  8,000  G/sec.  The  hydraulic 
energy  absorber  was  not  degassed  prior  to  Test  5  and  the  probable  presence  of 
air  in  the  first  stage  chamber  may  have  permitted  the  2nd  stage  valve  to  open 
more  rapidly.  Although  the  test  mass  acceleration  of  Test  5  has  the  desired 
shape,  it  Is  probably  the  result  of  two  offsetting  undesired  conditions:  ex¬ 
cessive  crash  input  onset  rate  combined  with  a  small  amount  of  trapped  air. 

In  Test  7,  the  95th-percentile  test  mass  requires  very  high  loads  from 
the  hydraulic  energy  absorber.  This,  In  turn,  means  that  the  2nd  stage  valve 
does  not  have  to  open  as  far.  It  appears  that,  even  in  spite  of  the  excessive 
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onset  rate  of  the  input  crash  pulse,  the  hydraulic  energy  absorber  was  able  to 
keep.  pace. 

Test  8  was  a  rerun  of  Test  7  to  examine  the  repeatabil i ty  of  the  ASAVLEA. 

In  both  Tests  7  and  8,  the  hydraulic  energy  absorber  was  degassed  and  subjected 

to  the  same  crash  conditions.  The  similarity  of  results  in  Tests  7  und  8  over 
the  first  20  msec  indicate  no  significant  difference  in  the  amount  of  gas  pre¬ 
sent.  It  is  unlikely  that  gas  existed  after  the  degassing  procedure,  especially 
in  repeated  tests  having  the  same  results.  In  Test  8  at  40  msec,  data  was  lost 
when  an  accelerometer  cable  was  broken  by  the  stroking  test  fixture.  Neverthe¬ 
less,  the  performance  after  40  msec  in  Test  8  can  be  inferred  to  be  similar  to 
that  of  Test  7  due  to  the  similar  total  measured  stroke,  thus  demonstrating 
repeatabi 1 i ty. 

Vacuum  degassing  of  tne  hydraulic  energy  absorber  was  performed  prior  to 
every  test  except  2  and  5;  only  in  Tests  2  and  5  did  results  indicate  the  pres¬ 
ence  of  gas.  The  entry  of  gas  into  the  hydraulic  energy  absorber  between  tests 

was  inevitable  due  to  inability  of  the  cup  seal  on  the  cylinder  rod  to  stop 
the  entry  of  air.  The  cup  seal  is  oriented  to  block  internal  pressure,  not 
vacuum.  This  is  a  shortcoming  of  the  test  hardware  4nch  could  be  eliminated 
on  future  revisions  of  the  hydraulic  energy  absorber  if  an  0-ring  were  substi¬ 
tuted  for  the  cup  seal.  The  0-ring  would  block  leakage  in  both  directions. 


ALTERNATE  CONFIGURATION 


The  test  hardware  described  in  the  section  "Description  of  Test  Article" 
was  made  especially  rugged  and  heavy  for  repeated  testing.  Although  its  dy¬ 
namic  performance  can  be  compared  directly  to  other  energy- absorbing  systems, 
its  weight  and  size  cannot.  Therefore,  the  following  text  and  illustrations 
are  presented  to  describe  a  more  compact,  lightweight  version  of  the  hydraulic 
energy  absorber.  Also  introduced  In  the  following  discussion  is  a  feature  nec¬ 
essary  to  compensate  for  temperature  expansion  of  the  fluid. 

Compact  Hydraulic  Energy  Absorber  Size  and  Shape 

The  length  z  '  diameter  of  the  hydraulic  energy  absorber  depends  upon  che 
stroke  and  force  required.  As  in  previous  examples  within  this  report,  the  re¬ 
quirements  of  the  SH-60B  Seahawk  seat  were  chosen,  allowing  direct  comparison  to 
be  made  to  the  mechanical,  manually  adjustable  system  described  in  Reference  4. 

The  overall  size  and  weight  of  the  alternate  lightweight  hydraulic  energy 
absorber  are  shown  in  Figure  16  and  Table  4.  The  piston/relief  valve  and  the 
temperature  comoensating  bladder  are  discussed  more  fully  in  the  following  sec¬ 
tions  . 

Piston/Relief  Valve 

As  mentioned  in  "Description  of  Test  Article,"  the  components  of  the  re¬ 
lief  valve  were  sized  with  the  intention  of  packaging  them  within  a  piston 
1.25  in.  in  diameter,  even  though  they  were  packaged  in  the  sizable  externa1 
housing  for  testing.  The  recommended  repackaging  of  those  components  witnin 
the  piston  is  shown  in  Figure  17. 
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Figure  16.  Compact  hydraulic  energy  absorber  configuration. 


Temperature  Expansion  Compensation 

Over  the  required  operating  range  of  -60°F  to  +160°F,  the  volume  of  the 
silicone  oil  (or  of  most  other  hydraulic  fluids;  can  be  expected  to  change  by 
almost  10  percent.  The  gas-filled  bladder  above  the  piston  can  permit  this  to 
occur  safely.  The  gas  must  be  kept  out  of  the  relief  valve  by  containment  in 
the  bladder,  and  the  bladder  must  be  located  on  the  low  pressure  (top)  side  of 
the  piston  to  prevent  "sponginess"  in  the  high  pressure  side  of  the  piston. 
Although  the  bladder  is  on  the  opposite  side  of  the  piston  containing  most  of 
the  fluid,  the  fluid  will  be  able  to  slowly  leak  through  the  1st  and  2nd  stage 
valves  even  though  the  valves  are  normally  closed.  Because  of  such  fluid 
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TABLE  4.  WEIGHT 
ENERGY 

SUMMARY,  COMPACT 
ABSORBER 

HYDRAULIC 

Component 

Material 

Weight 

Hb) 

Cyl inder 

Aluminum  tube 

.5 

Rod 

Steel  tube 

.5 

End  Cap,  Upper 

Alumi num 

.1 

End  Cap,  Lov«r 

A1  uminum 

.1 

Piston/Relief  Valve 

Stainless  Steel 

.8 

FI  uid 

Silicone 

.6 

Total 

2.6 

leakage  in  either  direction  through  the  1st  stage  chamber,  a  filter  on  the  cut¬ 
let,  as  well  as  on  the  inlet,  of  the  1st  stage  chamber  is  required. 


COMPARISON  OF  ASAVLEA  TO  MAVLEA 


The  acceleration-sensing  automatic  variable-load  energy  absorber  (ASAVLEA; 
has  been  shown  in  the  section  "Dynamic  Testing"  to  perform  well  when  required 
to  provide  constant  deceleration  to  different  lumped  masses,  and  to  require  no 
need  for  adjustment.  This  Is  a  definite  advantage  over  a  manually  adjusted 
variable-load  energy  absorber  (MAVLEA),  which  requires  adjustment,  and  there¬ 
fore  is  subject  to  possible  maladjustment.  It  has  an  even  greater  advantage 
over  fixed-load  energy  absorbers  which  cannot  be  optimized  to  the  mass. 

In  addition  to  ease  of  use  and  performance  when  decelerating  a  lumped  mass, 
other  factors  need  to  be  considered  to  complect  the  comparison:  performance 
when  decelerating  a  distributed  mass  system,  size  and  weight,  reliability,  accu¬ 
racy,  maintainability,  and  cost.  The  following  discussion  compares  the  ASAVLEA 
to  the  MAVLEA  on  all  the  above  factors.  Performance  with  lumped  masses  is  based 
upon  the  actual  tests  described  in  "Dynamic  Testing,"  and  performance  with  dis¬ 
tributed  masses  is  based  upon  computer  predictions  using  occupant  and  bucket 
stiffness  and  mass  distributions  according  to  the  best  available  information. 
Other  factors  are  evaluated  using  the  compact  alternate  configuration  shown  in 
the  section  "Alternate  Configurations." 

Dynamic  Performance 

Dynamic  performance  of  the  ASAVLEA  has  been  predicted  for  the  deceleration 
of  both  lumped  and  distributed  masses,  and  actually  measured  for  the  lumped 
mass  case. 
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Piston  rod 


2nd  staae  valve 


Filter  at  input  to 
pressure  compensated 
orifice 


0,5  in.  I* - 


Figure  17.  Automatic  relief  valve  packaged  within  piston. 


Lumped  Mass  Case 


Agreement  between  the  predicted  and  measured  performance  with  the  lumped 
mass  was  good,  with  the  measured  acceleration  response  close  to  14.5  G  and  show¬ 
ing  less  Instability  than  predicted.  Figure  13  is  a  typical  prediction  for 
the  lumped  mass  case,  and  shows  a  sustained  and  growing  Instability  not  present 
In  Test  7  (Figure  14). 
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Time  (efec) 


Figure  18.  Computer  simulation  of  lumped  mass  representing  the 
95th-percent11e  occupant  decelerated  by  a  hydraulic 
energy  absorber.  Conditions: 

•  Occupant  etcect1ve  weight  of  200  lb  combined 
with  23-lb  bucket. 

•  Fixed-load  energy  absorber  of  1350  lb  used  In 
conjunction  with  hydraulic  energy  absorber. 

•  Spring  rates  of  energy  absorbers  are  represen¬ 
tative  of  actual  hardware. 
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Distributed  Mass  Case 

For  the  distributed  mass  case,  two  different  computer  representations  of 
the  seat/occupant  energy  absorber  were  used:  one  employed  Program  SOM-LA  (Seat 
Occupant  Model  -  Light  Aircraft)  and  the  other.  Program  SEAT.  The  two  repre¬ 
sentations  predict  different  results,  but  this  is  not  surprising  because  not 
only  do  the  SOM-LA  and  SEAT  occupant  models  vary  from  one  another,  but  the 
energy  absorber  conditions  are  also  different. 

The  cases  with  Program  SOM-LA  were  run  early  In  the  development  series, 
before  the  computer  model  of  the  relief  valve  was  complete.  The  acceleration¬ 
sensing  energy  absorber  was  omitted  and  Its  action  was  simulated  by  a  constant 
acceleration  Input  to  the  seat  bucket.  In  contrast,  the  cases  presented  In 
this  report  which  feature  Program  SEAT  use  the  computer  model  of  the  ASAVLEA 
and  a  more  flexible  model  of  the  seat  bucket. 

Predictions  of  the  computer  representation  using  SOM-LA  are  summarized  In 
Table  5,  and  examples  of  the  computer  output  from  which  Table  5  was  obtained 
are  shown  In  Figures  19  through  22.  Predicted  response  displayed  no  Instabil¬ 
ity.  Predictions  using  Program  SEAT,  shown  in  Figures  23  through  25,  suggest 
Instability  within  the  spring  mass  system  being  controlled  by  the  ASAVLEA. 

Tentative  conclusions  can  be  drawn  from  these  predictions,  but  first  It 
Is  Important  to  recognize  the  following  conditions: 

1)  Neither  SOM-LA  nor  SEAT  Is  entirely  accurate  In  representing  response 
of  the  seat-occupsnt  system,  and  neither  has  been  validated  under 
the  peculiar  conditions  for  which  they  were  used. 

2)  Under  lumped  mass  conditions  the  ASAVLEA  was  predicted  to  be  more 
unstable  than  actual  testing  confirmed. 

3)  Other  than  the  weight  and  overall  spring  rate,  properties  of  the  seat 
buckets  were  not  precisely  known;  damping  coefficients  and  mass-spring 
distributions  were  estimated  using  simplifying  assumptions  and  meager 
data. 

Keeping  the  above  limitations  in  mind,  the  ASAVLEA's  control  of  a  distributed 
mass  system  can  be  expected  to  experience  some  Instability.  Support  for  this 
statement  comes  from  Interpretations  of  the  data  which  suggest  that  the  acceler¬ 
ation  sensed  by  the  ASAVLEA  Is  predominantly  that  of  a  small  portion  of  the 
seat  bucket.  Fluctuating  forces  feeding  Into  this  small  (mass)  portion  of  the 
bucket  from  the  larger  mass-spring  occupant  system  and  from  the  hydraulic  energy 
absorber  Itself  can  cause  abrupt  acceleration  changes  which  the  ASAVLEA  cannot 
correct  promptly.  If  the  attempted  ASAVLEA  correction  occurs  out-of-phase  with 
the  fluctuations  of  the  seat  bucket,  then  the  fluctuations  will  be  built  higher 
rather  than  diminished  by  the  ASAVLEA. 

The  resonance  just  described  may  or  may  not  occur  in  a  real  test.  Even 
If  It  does  occur,  the  frequency  Is  high  enough  to  have  little  effect  on  the 
Dynamic  Response  Index  (DRI).  However,  as  suggested  by  Figure  24,  the  reso¬ 
nance  amplitude  may  become  so  great  that  the  ASAVLEA  will  fail  to  converge  to 
14. 5-G  average  acceleration. 


35 


NADC-82025-60 


TABLE  5.  COMPARISON  Of  OCCUPANT  RESPONSE  TO  CONSTANT  LOAD  VERSUS  CONSTANT  ACCELf PAT  ION 


Type  of 

Results  Predicted 

by  SOM-LA 

Total  Height 
Occupant 

Plus  Equipment 

Mb). 

Energy  Absorber 

Peek  Lumbar 
Compression 
Load 
(lb) 

Maximum 

Seat  Bucket 

01  spiacenent 
(in.)  (3) 

Maximum 
£ne  rgy 

At)  sortie  r 
Load  ( 1 6) 

Case 

Code 

Seat  Bucket 
and  Spring  Rate  (1) 

(2)  Automatic 
Constant  Set  to 
Load  MAVLEA  14.5  G 

Peak 
DR  1 

Remarks 

S5F 

S5A 

23-lb  bucket  with 
4308  ID/in.  spring 
rate  similar  to 
SH-60B  Seahawk 

136.5 

(1  Ightwelght) 

X 

X 

1628 

1627 

18.0 

22.9 

32.2 

32.2 

1937 

3037 

S3F 

S3A 

250.0 

(heavyweight) 

X 

X 

3224 

3231 

18.2 

21.7 

34.9 

32.9 

2973 

5728 

S7F 

S7A 

UO-lb  bucket  with 
4308-lb/ In.  spring 
rate  similar  to 
crewseat  of  AH-64A 
Apache 

136.5 

(1  Ightwelght) 

X 

X 

1844 

182? 

21.1 

22.7 

32.6 

32.3 

3169 

5C37 

S6E 

S6A 

250.0 

(heavyweight) 

X 

X 

3771 

3201 

21.9 

21.2 

33.3 

33.3 

4196 

7766 

S)F 

S1A 

60-lb  bucket 
with  spring 
rate  as  noted 

164.0 

(medium) 

X 

X 

1937 

2005 

19.5 

3C.8 

31.8 

2749 

15,000  ID/in. 
Rigid  seat 

S2F 

S2A 

X 

X 

206" 

1896 

20.2 

23.4 

32.0 

32.5 

2’3  3 

4578 

4  308  1  b.  i  n  . 
4308  1 b/ i n. 

NOttl : 

1,  All  cushion  properties  are  the  same  as  those  of  the  UH-60A  Black  Hawk  unless  otherwise  noted. 

2,  Constant  load  which  could  he  provided  by  a  correctly  adjusted  manually  adjustable  variable-load  energy  absorber  (MAvlEA). 

3,  Displacement  of  bucket  relative  to  the  ground;  Includes  deformation  of  airframe,  energy  absorber,  ar.d  Ducket. 


Dynamic  testing  of  the  ASAVLEA  with  a  real  seat  bucket  and  anthropomorphic 
dummy  will  be  needed  to  answer  questions  posed  by  the  distributed  mass  condition. 
Such  activity  was  outside  the  scope  of  this  program  and  beyond  the  capabilities 
of  the  test  fixture. 

Size  and  Weight  Comparison 

Compared  to  a  manually  adjustable  system,  the  hydraulic  energy-absorbing 
system  Is  at  a  disadvantage  relative  to  size  and  weight,  as  is  Indicated  in 
Table  6.  The  length  of  the  hydraulic  energy  absorber  Is  a  particular  disad¬ 
vantage  in  retrofit  situations.  However,  for  future  seat  designs,  the  length 
could  be  accommodated,  as  It  Is  less  than  the  total  height  of  the  seat  bucket. 

Reliability  Comparison 

Reliability  of  an  energy-absorbing  system  may  be  defined  in  terms  of  two 
characteristics:  1)  ability  to  perform  without  failure,  and  2)  ability  to  limit 
the  severity  of  failures,  should  failures  occur.  Both  characteristics  must  be 
evaluated  In  both  operational  and  crash  conditions. 

The  reliability  of  ASAVLEA  and  MAVLEA  systems  cannot  accurately  be  com¬ 
pared  due  to  lack  of  data.  However,  general  features  of  the  hydraulic  energy 
absorber  can  be  treated  on  an  absolute  basis;  with  normal  precautions,  no  great 
distrust  of  Its  reliability  Is  warranted. 

In  the  ASAVLEA  system,  the  hydraulic  energy  absorber  Is  teamed  with  a  com¬ 
panion  fixed-load  energy  absorber,  and  the  combination  improves  reliability  in 
both  operational  and  crash  conditions.  In  operational  use  (normal  flight)  the 
1-G  weight  of  the  occupied  seat  bucket  and  any  downward  or  upward  flight  loads 
up  to  about  6  G,  would  be  supported  not  by  the  hydraulic  energy  absorber,  but  Dy 
the  fixed-load  companion  energy  absorber,  the  reliability  of  which  is  very  high. 
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Figure  19.  Case  S3F  simulation  of  lumbar  loads.  Conditions:  constant 
force  energy  absorbers  acting  on  SH-60B  Seahawk  bucket 
with  heavy  occupant. 
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Figure  20.  Case  S3F  simulation  of  seat  bucket  acceleration. 
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Figure  21.  Case  S3F  simulation  of  lumbar  loads.  Conditions:  constant 
acceleration  of  SH-60B  Seahawk  seat  bucket  with  heavy 
occupant. 
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(b)  With  fixed- load  FVA  of  1906  Ih. 


Figure  23.  Computer  simulation  of  distributed  mass  system  composed 
of  5th-percent11e  occupant  In  a  23-1  b  bucket. 
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Figure  24.  Computer  simulation  of  distributed  mass  system  composed 
of  95th-percent11e  occupant  In  a  23-lb  bucket. 
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(b)  With  fixed-load  E/A  of  3650  lb. 


Figure  25.  Computer  simulation  of  distributed  mass  system  composed 
of  50th-percent11e  occupant  In  a  110-lb  bucket. 
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TABLE  6.  SIZE  AND  WEIGHT 

COMPARISON 

System  Type 

Factor 

ASAVLEA 

MAVLEA 

Size  (in.) 

•  Overall  length  for  16-in.  stroke 

25.0 

11.0 

•  Maximum  diameter 

1.5* 

1.86 

•  Typical  diameter 

1.35* 

1.5 

Weight  (lb) 

•  Hydraulic  energy  absorber 

2.6 

- 

•  Companion  fixed-load 
energy  absorber 

0.8 

- 

•  Variable-load  energy  absorber 
(two  at  1.0  lb  each) 

- 

2.0 

•  Remote  control  hardware 

- 

h_q 

Total  Weight 

3.4 

3.0 

♦Companion  fixed-load  energy  absorber  is 

1.5-in.  diameter. 

In  crash  conditions,  which  would  require  the  hydraulic  energy  absorber  to 
contribute  load,  the  reliability  of  the  hydraulic  energy  absorber  must  be  con¬ 
sidered.  Freedom  from  failure  depends  mostly  upon  the  proper  functioning  of 
the  automatic  relief  valve.  The  simplicity  of  the  valve  is  one  factor  contri¬ 
buting  to  its  reliability.  Another  factor  is  the  filters  which  prevent  con¬ 
taminants  from  entering  the  tiny  passages  in  the  first  stage.  Filters  on  the 
outlet  as  well  as  the  inlet  to  the  first  stage  are  necessary  because  during 
operational  use  or  storage,  temperature  changes  would  cause  fluid  to  enter 
the  outlet. 

Gas  within  the  hydraulic  energy  absorber  can  temporarily  delay  application 
of  the  required  load  unless  that  gas  is  confined  to  the  low  pressure  side  of 
the  piston.  The  gas  which  is  required  to  accommodate  the  thermal  expansion  of 
the  hydraulic  fluid  must  therefore  be  enclosed  in  a  bladder.  For  high  system 
reliability,  the  integrity  of  the  bladder  and  other  seals  between  the  fluid 
and  the  atmosphere  must  also  be  high. 

If,  during  crash  conditions,  a  failure  of  the  hydraulic  energy  al  sorber 
were  to  occur,  the  degree  of  failure  is  limited  by  the  low  and  high  limits  on 
the  load.  The  low  limit  of  the  combined  hydraulic  energy  absorber  and  compan¬ 
ion  fixed-load  energy  absorber  would  be  the  load  of  the  total  fixed- load  energy 
absorber,  and  that  wh ich  is  approxima tely  correct  for  the  5th-percent s le  occu¬ 
pant.  At  the  other  extreme,  failure  of  the  hydraulic  energy  absorber  toward 
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an  abnormally  high  load  would  be  limited  by  the  redundant  safety  relief  valve, 
set- for  the  load  required  for  the  95th-percentile  occupant.  The  potential 
limits  of  a  failure  of  the  ASAVLEA  system  are  therefore  approximately  equiva¬ 
lent  to  those  of  a  MAVLEA  system. 

Accuracy  Comparison 

Compared  to  the  MAVLEA  system,  the  ASAVLEA  system  offers  the  potential 
for  greater  accuracy  by  avoiding  adjustment  errors  and  by  automatically  compen¬ 
sating  for  unusual  factors  affecting  seat  bucket  acceleration.  One  such  factor 
might  be  the  impact  of  a  stroking  seat  bucket  with  a  console  or  other  obstruc¬ 
tion.  Another  factor  might  be  friction  in  the  seat  bucket  guidance  mechanisms. 
The  ASAVLEA  would  automatically  compensate  for  variations  in  fraction  as  well 
as  variations  in  occupant  weight.  Test  results  with  lumped  masses  presented 
in  "Test  Conditions  and  Results"  demonstrate  the  hydraulic  energy  absorber  to 
be  sufficiently  accurate.  When  distributed  mass  systems  are  considered,  the 
hydraulic  energy  absorber's  performance  is  predicted  by  the  computer  simula¬ 
tions  to  be  less  accurate,  but  final  conclusions  must  await  the  results  of  fur¬ 
ther  testing. 

Regardless  of  how  accurately  an  energy-absorbing  system  controls  the  ac¬ 
celeration  of  a  portion  of  a  distributed  mass  system,  the  ultimate  measure  of 
performance  is  prevention  of  spinal  injury.  The  positive  correlation  of  seat 
bucket  acceleration  and  spinal  injury  is  unquestioned,  but  many  other  recog¬ 
nized  factors  also  affect  injury.  Among  these  factors  are:  occupant  age,  bone 
structure  and  health,  seated  posture,  weight  ratio  of  occupant  to  seat  bucket, 
seat  elasticity,  cushion  rigidity,  restraint  system  effectiveness,  and  the 
acceleration-time  history  of  the  crash  input.  All  these  factors  interact  with 
the  energy  absorber  load  to  determine  whether  compressive  and  bending  loads  in 
the  spine  reach  the  fracture  limit.  Ideal  energy  absorber  accuracy  is  an  elu¬ 
sive  goal,  requiring  consideration  of  the  overall  system  as  well  as  the  accu¬ 
racy  of  seat  bucket  acceleration. 

Cost  Effectiveness 

For  purpose  of  comparison,  the  total  price  per  seat  of  the  ASAVLEA  ij  es¬ 
timated  to  be  40  percent  greater  than  the  MAVLEA.  Estimates  are  based  upon  a 
200-seat  production  lot,  and  tooling  is  not  included  in  the  piece  price.  The 
ASAVLEA  system  Includes  a  fixed-load  inversion  tube  energy  absorber  as  well  as 
the  hydraulic  energy  absorber.  The  MAVLEA  includes  two  variable-load  energy 
absorbers  with  associated  control  dial  and  control  cables. 

Maintenance 

With  the  automatic  relief  valve  built  into  the  piston,  the  hydraulic  energy 
absorber  would  require  no  maintenance.  Furthermore,  there  would  be  no  oppor¬ 
tunity  for  tampering  or  readjustment  without  disassembly.  Shelf  and  operational 
1 i f -  would  be  limited  only  by  the  life  of  seals  retaining  fluid,  and  visual 
inspection  for  external  leakage  would  be  the  only  reauired  periodic  inspection. 

The  MAVLEA  of  Reference  4  would  require  the  same  amount  of  maintenance 
(none)  but  would  require  periodic  inspection  of  the  control  dial  and  cables. 


l,l|  U  .>  'T 


j 

NADC-82025-60 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  acceleration-sensing  automatic  variable-load  energy  absorber  (ASAVLEA) 
demonstrated  its  ability  to  provide  a  predetermined  constant  deceleration  to 
any  lumped  mass  ranging  from  135  to  223  lb  and  to  account  for  other  variables 
such  as  seat  interference  with  consoles  during  stroking,  a  feature  not  possible 
with  fixed  load  or  manually  adjustable  variable-load  energy  absorber  (MAVLEA) 
systems.  Other  analyses  of  the  ASAVLEA  suggest  that  its  reliability,  maintain¬ 
ability,  size,  weight,  and  cost  effectiveness  are  competitive  with  MAVLEA  sys¬ 
tems. 


A  question  remains  as  to  whether  the  ASAVLEA  will  be  effective  in  prevent¬ 
ing  injurious  spinal  loads  in  a  distributed  mass  system  such  as  that  represented 
by  an  anthropomorphic  dummy.  Testing  of  the  response  of  such  a  distributed  mass 
system  must  be  performed  before  final  conclusions  can  be  made  concerning  fea¬ 
sibility  of  the  ASAVLEA. 
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